Phenolic acids, principally represented by p-coumaric and ferulic acids, are naturally abundant plant compounds which ensure cell wall rigidity by linking the polysaccharide xylan to lignin (17) . Phenolic acids can be released from these complex structures by cinnamoyl esterase activities, which are expressed by various microorganisms (12, 16, 26) . In their free form, these acids become substrates of phenolic acid decarboxylase (PAD) enzymes, which convert these compounds into their vinyl phenol derivatives. To date, the DNA constituting the gene pad has been cloned from five microorganisms: Bacillus pumilus (35) , Lactobacillus plantarum (8) , Bacillus subtilis (10) , Pediococcus pentosaceus (5) , and the yeast Saccharomyces cerevisiae (13) . Although the four bacterial PADs have 61% amino acid sequence identity, they differ individually in structure and in biochemical characteristics. They are also different from the phenylacrylic acid decarboxylase PAD1 of S. cerevisiae. This enzyme displays no amino acid sequence identity with the bacterial PADs we have observed and has approximately 1,000-fold-lower activity as well.
There are two main reasons for improving our understanding of PADs. First, these enzymes are involved in the formation of useful volatile phenol derivatives (24) which contribute naturally to aroma in wine (20) and other fermented foods and beverages. However, some of these volatile phenols, such as vinyl and ethyl phenol (from p-coumaric acid) are most often considered off-flavors and are responsible for alterations in organoleptic properties of foods (19) . Understanding structure-function relationships of the PADs may be useful for the future construction of recombinant bacterial starter cultures with appropriate substrate specificities for desirable aroma production in vegetable fermentations and wine.
The second reason is to understand the physiological function of the PAD in the growth of microorganisms in phenolic acid-supplemented media. We have previously demonstrated that PAD activity allows lactic acid bacterium L. plantarum to resist inhibitory effects of p-coumaric acid (4) and proposed that PAD synthesis could be considered a stress response induced by phenolic acids in the environment. Concerning the gram-negative bacteria, only Klebsiella oxytoca is known to display PAD activity (23) . Escherichia coli, which is inhibited by phenolic acids (36) , has three open reading frames in its genome which encode potential PAD enzymes (6, 30) , yet no detectable PAD activity is displayed (8) , suggesting that either the three genes are not expressed or their products are not functional.
In this work, we have constructed four chimeric bacterial PAD enzymes, which were functional and which displayed enzymatic activities different from those of the native PADs. Our results suggested that the C-terminal region in the bacterial PADs is involved in enzymatic activity, especially substrate specificity. In the course of our experiments, we have demonstrated that vinyl phenol derivatives produced by PAD activity have much higher inhibitory effects on the growth of E. coli than the phenolic acid forms. A medium which takes advantage of this fact was developed to screen recombinant E. coli strains which displayed various PAD activities.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. Bacterial strains and plasmids used in this study are listed in Table. 1. E. coli TG1 and B. pumilus ATCC 15884 strains were grown in Luria-Bertani (LB) medium containing 100 g of erythromycin/ml as necessary.
DNA manipulation and transformation procedures. Standard procedures described by Sambrook et al. (31) were used for DNA manipulation. PCR products were purified with the Jet Sorb kit (Genomed, Bioprobe Systems, Montreuil, France) and sequenced by the dideoxy chain termination method (32) with the Thermosequenase radiolabeled terminator cycle sequencing kit (Amersham Life Science, Inc., Cleveland, Ohio) in accordance with the recommendations of the manufacturer. E. coli TG1 strain was transformed by electroporation as described by Dower et al. (18) . PCR amplifications were performed using 0.1 g of DNA a template with 0.5 U of Tfu DNA polymerase (Appligene) under standard conditions in an automated DNA thermocycler (Eppendorf, Hamburg, Germany).
Cloning of the pad gene from B. pumilus ATCC 15884. This strain of B. pumilus displayed inducible decarboxylase activity on p-coumaric, ferulic, and caffeic acids. Two oligonucleotides which introduced PstI (BPPAD1) and HindIII (BPPAD2) restriction sites into the PCR product (Table 2) were deduced from the sequence of the fdc gene of B. pumilus strain PS213 (35) . One, located approximately 350 bp upstream of the start codon of the fdc gene (BPPAD1) and the other located approximately 150 bp from the stop codon (BPPAD2), were used for the amplification of a 925-bp DNA fragment, which was then cloned into the PstI/HindIII sites of pJDC9. The resulting clone, pJPADBP, expressed in E. coli TG1, displayed a constitutive PAD activity of approximately 10 mol min Ϫ1 mg Ϫ1 in ferulic acid, confirming that the original amplified DNA fragment contained the B. pumilus pad gene. The DNA sequence of this fragment allowed the identification of one open reading frame, which encoded a polypeptide which displayed 98.5% identity with BPFDC from B. pumilus PS213 (35) .
Construction of chimeric LP113PP and PP113LP genes. The two pdc and padA genes from L. plantarum and P. pentosaceus, respectively, contained a ClaI restriction site at the same position, located in the last third of the nucleotide sequence. The pJDC9 vector, used for cloning the pdc gene (leading to pJPDC1) and the padA gene (leading to pJPADP1), also possesses a unique ClaI site. The two recombinant plasmids, containing their respective pad genes in the same orientation, were digested with ClaI, generating two DNA fragments each, which were subsequently ligated. In order to select for the expected chimeric construction, PCR amplifications were performed using the ligation mixture as the template and primers LP⌬1, located upstream of the pdc promoter, and PPPAD9, located downstream of the padA gene stop codon ( Table 2 ). The 1,024-bp amplified DNA fragment was purified and later cloned into pJDC9 (digested with PstI/SacI) to generate pJLP113PP. In order to obtain the second chimeric gene, a similar method was employed. PCR amplification was performed using the same ligation mixture previously used as the template with primers PPPAD8, located upstream the padA promoter, and LP⌬4, located downstream of the pdc gene stop codon ( Table 2 ). The 1,165-bp amplified fragment was purified and cloned into pJDC9 (digested with KpnI/HindIII) to generate pJPP113LP. The in-frame fusions of these two constructions were verified by DNA sequencing. Construction of chimeric BP121LP and BS121LP genes. Primers LP⌬1 and LP⌬4 (Table 2) were used to amplify a segment of pJPDC1 DNA while incorporating PstI and HindIII sites at either end. The 1,230-bp fragment contained the pdc gene preceded by its putative promoter and followed by its putative transcriptional terminator. This fragment was cloned into pJDC9 predigested with PstI/HindIII to generate pJPAD14. Using pJPADBP as a template, a 700-bp fragment was amplified with primers BPPAD1 and Chim2 (Table 2) to make a construct which replaced the pdc promoter and the first 384 nucleotides of the pdc gene with the pad promoter from B. pumilus, followed by the gene segment encoding the first 121 amino acids of BPPAD. This DNA fragment was purified and cloned in pJPDC14 prerestricted with PstI and SpeI to generate pJBP121LP. Using plasmid pHPADBS as a template, a 610-bp fragment was amplified with primers BSFP3 and Chim2 (Table 2 ) in order to replace the pdc promoter and the first 384 nucleotides of the pdc gene with the B. subtilis pad promoter followed by the gene segment encoding the first 121 amino acids of PAD. This fragment was cloned into pJPAD14, prerestricted with SmaI and SpeI, to generate pJBS121LP. In-frame fusions generated in the two chimeric genes were verified by DNA sequencing as described above.
Preparation of whole-cell suspensions and cell extracts and assay of PAD activity. Cells of recombinant E. coli grown in LB medium were harvested by centrifugation, washed with 25 mM potassium phosphate buffer (pH 6.0), and resuspended in the same buffer at final concentrations of 0.5 g (dry weight) per liter to measure high PAD activities (1 to 50 mol min Ϫ1 mg
Ϫ1
) and 5 g per liter to measure the weaker PAD activities (10 to 500 nmol min Ϫ1 mg
). Reactions were started by addition of substrate. During incubation, samples were centrifuged and supernatants were diluted 50-fold in Stop buffer (20 mM Tris-HCl, 0.3% sodium dodecyl sulfate [SDS], pH 6) to stop activity prior to analysis. For cell extract preparation, cells were harvested as described above and disrupted with a French press at 1.2 ϫ 10 8 Pa. Kinetic reactions were started by addition of the substrate, and samples were diluted 50-fold in Stop buffer. Phenolic acid degradation and derivative production were monitored by UV spectrophotometry as previously described (4). The total protein concentration in cell extract was determined using a protein assay kit (Bio-Rad, Richmond, Calif.) with bovine serum albumin as the standard. The specific activity was expressed as micromoles or nanomoles of substrate degraded per minute per milligram of protein. For whole cells, protein concentration was deduced from the dry biomass in the cell suspension (1 g of dry biomass per liter corresponded to 0.4 g of total protein per liter).
4-Vinyl phenol synthesis. One liter of overnight culture of E. coli TGI (pJPADP6) (5) overexpressing PAD from P. pentosaceus was harvested by centrifugation, washed twice with 25 mM phosphate buffer (pH 6.0), and resuspended in the same buffer at a final concentration of 25 g (dry weight) of cells per liter. Cells were incubated for 1 h at 37°C with 12 mM (2 g/liter) p-coumaric acid. The bioconversion of available p-coumaric acid in a solution of 4-vinyl phenol was checked by UV spectrophotometry. Cells were then discarded by centrifugation. The buffer supernatant, containing 4-vinyl phenol, was sterilized by filtration (0.22-m pore size) prior to use. PAGE analysis. The protein extracts were resolved by denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (12% resolving gel) as previously described (9) with molecular mass markers (low-range SDS-PAGE standards; Bio-Rad) as standards.
RESULTS
Amino acid sequences and substrate specificities of the four native PADs. The amino acid sequences of L. plantarum PAD (LPPAD), P. pentosaceus PAD (PPPAD), B. subtilis PAD, (BSPAD), and B. pumilus PAD (BPPAD) have an average identity of 61%. The identity is highest (71%) in the central portion of the enzymes, which contains several highly conserved regions (1 to 10) (Fig. 1) . When amino acid residues with similar side chains are taken into consideration, the four enzymes are 66% similar for the total amino acid sequence and 80% similar for the central, more-conserved portion. The amino acid sequences flanking the central region are the most divergent (Fig. 1) . Upon greater examination it was observed that the similarity of the carboxy termini of the four PADs decreased significantly. One particular cluster of 18 amino acid residues displays only 22% identity and 44% similarity (Fig. 1) . We observed that the LPPAD and PPPAD enzymes exhibited high sequence similarity (87%), as did the BPPAD and BSPAD enzymes (89%).
In order to determine the substrate specificity of each recombinant enzyme, resting cells and cell extracts from the two controls, E. coli TG1(pJDC9) and E. coli TG1(pHT315), as well as the four recombinant E. coli clones carrying pad genes, were prepared and tested for PAD activity. No PAD activity was detected in the two controls. Each recombinant enzyme displayed PAD activity on p-coumaric acid at approximately the same levels in vivo and in vitro with or without ammonium sulfate addition (Table 3 ). The high activity on p-coumaric acid displayed by each PAD expressed in E. coli indicates that the four bacterial pad promoters were accurately recognized by the RNA polymerase from E. coli. Ferulic and caffeic acids were decarboxylated by BSPAD and BPPAD at nearly the same level as p-coumaric acid in the three samples, while LPPDC and PPPAD displayed activities approximately 100 to 1,000 times lower on ferulic and caffeic acids than on p-coumaric acid. As previously observed, a weak activity on ferulic acid was detected in whole cells of E. coli (pJPDC1) and only in corresponding cell extract supplemented with ammonium sulfate (4). The p-coumarate decarboxylase (PDC) from L. plantarum (8) was renamed LPPAD due to its activity on p-coumaric, ferulic, and caffeic acids (4) .
Taken together, these observations indicate that LPPAD is more like PPPAD than BSPAD or BPPAD. Thus, the major differences within the four PAD sequences located in the carboxy-terminal region are likely to be involved in substrate specificity.
Exchange of C-terminal portions between PADs induces modifications in substrate specificity and enzymatic activity of the chimeric proteins. Four chimeric proteins were constructed from the four bacterial PADs. Each pad promoter tested yielded good expression of each of the four pad genes in E. coli. Each chimeric gene was expressed under the control of the promoter carried with each 5Ј portion of the fusions (Fig.  2) . Three of these four chimeric proteins, designated PP113LP, BS121LP, and BP121LP, contain the first 113, 121 and 121 amino acids from PPPAD, BSPAD, and BPPAD, respectively, followed by the last 61, 46, and 46 amino acids, respectively, from LPPAD. The fourth chimeric protein, which contains the first 113 amino acids from LPPAD followed by the last 65 amino acids from PPPAD, was designated LP113PP (Fig. 2) .
Cell extracts of the resulting clones E. coli TG1(pJLP113PP) and TG1(pJPP113LP) were prepared and analyzed by SDS-PAGE. An intense protein band of about 26 kDa was detected in the recombinant E. coli carrying the LP113PP gene, and a smaller protein band was detected in the recombinant E. coli carrying the PP113LP gene (Fig. 3) . PAD activities of these two new proteins were then tested on p-coumaric, ferulic, and caffeic acids (Table 4) . LPPAD and PPPAD metabolized pcoumaric acid with activities about 400-fold higher than those for ferulic and caffeic acids. Interestingly, the corresponding chimeric proteins, LP113PP and PP113LP, respectively, displayed activities only 65-to 90-fold higher on p-coumaric acid than on ferulic acid. Moreover, LP113PP displayed significant activity on ferulic acid in vitro, without requiring ammonium sulfate addition, contrary to what was found for the wild LPPAD enzyme. However, E. coli TG1(pJPP113LP) cell extract displayed no detectable activity on ferulic acid in phosphate buffer. A weak ferulic acid decarboxylase activity was detected in this cell extract supplemented with ammonium sulfate (Table 4) .
Cell extracts of resulting clones E. coli TG1(pJBS121LP) and TG1(pJBP121LP) were also tested on the three phenolic acids (Table 4 ). BS121LP metabolized the three substrates with a drastic reduction of activity compared to the wild BS-PAD activity, but substrate specificities of the two proteins for the three acids were comparable. A comparably significant reduction of activity between BPPAD and chimeric BP121LP was also observed. Nevertheless, BPPAD metabolized p-coumaric and ferulic acids at almost the same levels while BP121LP displayed activity on ferulic acid about 10-fold higher than that on p-coumaric acid.
Taken together, these results indicate that the exchange of the C-terminal region between the four PADs results in the synthesis of functional enzymes which exhibit some differences from the native enzyme PADs, especially with respect to substrate specificity and the enzymatic activity. PAD activity inhibits E. coli growth due to the high toxicity of vinyl phenol derivatives. In order to develop a phenotypic test on petri dishes to distinguish colonies of E. coli TG1 with and without a functional PAD, the effect of phenolic acid on the control strain of E. coli TG1 and recombinant PAD strains was examined. Increasing concentrations of p-coumaric acid (0, 1.2, 3, and 6 mM) were tested against three initial pHs (5.2, 6.2, and 7.2). Optical density at 600 nm (OD 600 ) was measured after 20 h of incubation to compare relative levels of growth of the recombinant E. coli strains (Fig. 4) . The toxicity of pcoumaric acid was highest at pH 5.2 and decreased with an increase in the initial pH of growth medium. Surprisingly, p-coumaric acid was more toxic for the growth of E. coli TG1(pJPAD14), expressing LPPAD enzyme, than for the growth of control strain TG1(pJDC9). This suggests that the p-coumaric acid degradation product is more toxic for E. coli growth than p-coumaric acid itself. Similar results were observed with E. coli TG1(pHPAD), expressing BSPAD, with p-coumaric and ferulic acids, compared to E. coli TG1(pHT315) grown under the same conditions (data not shown). The levels of growth of E. coli strains TG1(pJDC9), TGI(pJPAD14), and TG1(pJBS121LP) in LB medium supplemented or not with pcoumaric acid (3 mM) at pH 6.2 were then examined. TG1(pJBS121LP) displayed PAD activity 100-fold lower than TG1(pJPAD14) on this substrate. The residual p-coumaric acid concentration was measured during the growth cycle by UV spectrophotometry (Fig. 5) . Addition of 3 mM p-coumaric acid reduced the growth of E. coli TG1(pJDC9) slightly, while the growth of E. coli TG1(pJPAD14) and that of TG1(pJBS121LP) were completely inhibited after 3 and 8 h of incubation, respectively. At this stage of the growth, each clone had degraded all available p-coumaric acid into 4-vinyl phenol. These results suggest that 4-vinyl phenol has a high inhibitory effect on E. coli growth. To further confirm 4-vinyl phenol toxicity, clone E. coli TG1(pJPAD14) was incubated with various concentrations of 4-vinyl phenol; 0.3 mM (0.4 g/liter) 4-vinyl phenol addition was shown to totally inhibit its growth (data not shown). 4-Vinyl phenol displayed the same inhibitory effect on the growth of E. coli TG1 which was grown without erythromycin (data not shown). These results allowed us to develop a phenotypic test, based on high vinyl phenol derivative sensitivity, to distinguish E. coli TG1 colonies expressing a functional, cloned PAD. Solid LB medium supplemented with 3 mM p-coumaric acid at pH 6.2 reduced colony size of functional chimeric PAD clones to approximately one-fifth that of colonies typically formed by the control strain, displaying no PAD activity (data not shown).
DISCUSSION
Expression of the four native bacterial PADs in E. coli reveals that p-coumaric acid was the main substrate for each PAD. Ferulic acid is metabolized by LPPAD and PPPAD with an activity about 500-fold lower than that for p-coumaric acid. BSPAD and BPPAD display similar activities on either substrate. Since p-coumaric acid decarboxylation results in production of phenol derivatives that yield "smoky" and aromatic odors and flavors (10, 19) and since ferulic acid derivatives are considered useful aromatic products for foods (25) , it is of interest to investigate the PAD enzyme structure to characterize the regions involved in catalytic activity and substrate specificity. It may also be useful to produce PADs displaying new substrate specificities. Chimeric enzyme construction was shown to be useful for combining properties not typically found in any naturally occurring enzyme (29) . Construction of chimeric PADs was initiated based on the comparison of PAD amino acid sequences, and this suggested that the PAD Cterminal region could be involved in enzyme substrate specificity. Our results demonstrate that different combinations of homologous C-terminal regions of PADs from four bacteria result in the formation of enzymatically active chimeric species that display catalytic activities different from those of the native PADs. Although the chimeric PADs displayed enzymatic characteristics different from those of the native enzymes, LP113PP, PP113LP, and BS121LP still displayed a greater activity on p-coumaric acid than on ferulic and caffeic acids. The fourth chimeric PAD, BP121LP is very interesting, as this FIG. 4 . Effect of p-coumaric acid addition in LB medium at different pHs on growth of E. coli TG1(pJDC9) (A) and TG1(pJPAD14) (B). Cultures were inoculated to an initial density of 0.1 OD 600 unit and incubated for 20 h at 37°C with shaking. A growth of 100% refers to the control cultures lacking p-coumaric acid in which final biomass levels at pH 5. Fig. 1 ), indicating that these five amino acids should be implicated in the substrate site specificity, especially for ferulic acid metabolism. These results are the first step in the analysis of structure-function relationships for PADs.
Further-modified PADs with improved enzymatic properties might be produced by selective mutagenesis of the C-terminal and also of the N-terminal parts. A random-mutagenesis method with selection for specific catalytic properties should also be used to identify substrate specificity sites. In order to facilitate the screening of such modified enzymes, we have developed a medium to distinguish E. coli recombinant strains expressing PAD activity from those that do not display PAD activity. This screening medium is based on our results, which revealed a strong inhibition effect on E. coli growth induced by 4-vinyl phenol. We have demonstrated several issues through this work. The first is that phenolic acids inhibit E. coli growth in a manner similar to that which was previously demonstrated for some rumen bacteria (7, 34) and strains of S. cerevisiae (3) . We observed that this inhibitory effect increased with a decrease of initial pH on LB medium. We also observed that phenolic acid addition has a much greater inhibitory effect on recombinant E. coli strains expressing xenobiotic PAD activity than on the control strain (E. coli TG1 containing pJDC9). This result suggests that vinyl phenol derivatives resulting from PAD activity are much more toxic for E. coli than their corresponding phenolic acid substrates. Addition of a low concentration (Ͻ0.3 mM) of vinyl phenol derivatives to the growth medium results in total inhibition of the growth of E. coli strains.
Compared to microorganisms such as B. pumilus (15, 35) , S. cerevisiae (13, 22) , and L. plantarum (4) , in which PAD activity confers resistance to the toxic effects of phenolic acids, E. coli apparently uses a different system to counteract phenolic acid toxicity. E. coli, especially the soil-dwelling strains, may have developed another system to resist these naturally occurring compounds. Most of the time, detoxification involves active efflux of the toxic compound from the cell by highly specific systems (21, 28) . Interestingly, E. coli possesses a detoxification system encoded by the mar regulon, which can be induced by antibiotics and other chemicals containing aromatic rings, such as salicylate, benzoate, and cinnamate, a molecule very closely related to phenolic acids used in this study (1, 14) . These compounds lead to the inactivation of the MarR repressor, resulting in mar operon transcription and MarA protein synthesis. This protein is a transcriptional activator which induces expression of mechanisms involved in the elimination of toxic compounds from the cell (27) . The MarR repressor belongs to a family of bacterial regulatory proteins modulated by plantderived phenolics (33) . To our knowledge, phenolic acids have not been tested for their ability to inactivate the MarR repressor, but these acids could be involved in the induction of the mar operon.
